Measurement of prostaglandin E 2 (PGE 2 ) in the ventriculocisternal perfusate of the halothane anes thetized, artificially ventilated cat has revealed low but measurable levels of the prostanoid (64 ± 5 pg/min). Ad ministration of pentamethylenetetrazole (PTZ) resulted in a rapid appearance of paroxysmal bursting, the magni tude and duration of which was dose dependent. During the 30-min interval after seizure initiation, PGE 2 secre tion rates into the ventriculocisternal perfusate rose by five-to sevenfold. Though the initial rate of PGE 2 secre tion correlated closely with the initial magnitude of burst ing, there were significant differences, viz. the time courses. Thus, after a low dose of PTZ (200 mg/kg) the increase and return to normal of PGE 2 secretion was time locked with the onset and offset of seizures. In contrast, after high doses of PTZ (250 mg/kg i. v.), seizure activity
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that the material extracted from tissue gains access to the extracellular space and thence has access to other neurons and the vasculature. To address this issue, we have examined the time course of the lev els of a product of the cyclooxygenase pathway, prostaglandin E2 (PGE2), in the ventriculocisternal perfusates of the anesthetized cat before and after the initiation of seizure activity. We report here a close correlation between the initial magnitude of the evoked seizures and the measured levels of PGE2 in the extravascular extracellular space. Sur prisingly, however, after an interval of continued bursting, PGE2 secretion continues independently of seizure activity, suggesting a functional change in brain state leading to a prolonged generation of cy clooxygenase products.
METHODS

Animal preparation
Cats (2.5-4 kg) were initially anesthetized with 4% in spired halothane. An endotracheal tube was placed, and all subsequent surgical procedures and experimental studies were then carried out under 1 % halothane deliv ered in a mixture of 0 2 /air. Blood pressure and arterial blood gases were monitored with a femoral artery cath eter, and drugs were administered by a catheter in the femoral vein. Blood gases were periodically monitored and maintained at normal values of Pa0 2 (?120 torr), Paco 2 (35-40 torr) and pH (7.35-7.40) . Metabolic acidosis was corrected by the intravenous administration of bicar bonate. All animals were given pancuronium bromide (0.15 mg/kg) to eliminate respiratory efforts and were maintained on a mechanical positive pressure respirator (Harvard, Natick, MA, U.S.A.). Continuous electroen cephalographic monitoring was carried out with a pair of stainless steel screws placed 0.5 cm apart over the so matosensory cortex. Rectal temperature was monitored and maintained at 37°C with a thermistor controlled feed back circuit. Details of the ventriculocisternal perfusion system have been given previously (Navarro et aI., 1988) . In brief, the head of the animal was placed in a stereotaxic headholder. A stainless steel inflow cannula (22 gauge) was stereotaxically inserted through a cranial burr hole drilled 2 mm caudal to the coronal suture and I mm lateral to the sagittal suture. Penetration of the infusion cannula into the ventricular space was assessed by the presence of free inflow. The cisternal membrane was exposed by dis section. The tip of the outflow cannula was then inserted through the atlanto-occipital membrane into the cisterna magna.
The ventriculocisternal superfusion was carried out with artificial CSF (see composition below) at a rate of 100 ILl/min with a two-channel peristaltic pump (Scientific Industries, Inc., Bohemia, NY, U.S.A.), one channel be ing used for infusion and one for withdrawal.
All superfusate samples were collected in polypropyl ene tubes kept in an ice bath. At the end of every 30-min interval, each sample was frozen at -20°C and stored at these temperatures for periods up to 2 weeks until extrac tion and radioimmunoassay (RIA). Perfusion samples contaminated with blood were not included.
EEG measurement
Activity was recorded on a Grass 79D polygraph with 7P511 amplifiers. Filter settings were maintained at 3 and 60 Hz. The EEG records were quantified by measuring the duration of the burst time in seconds. A burst was defined as paroxysmal activity that exceeded three times the resting amplitude. Isolated spikes were counted and assigned a weight of 0.3 s. Burst time was cumulated for each 30-min interval.
Experimental manipulations
In all groups, a 60-min washout was performed, fol lowed by three sequential 30-min samples. Following these baseline samples, pentamethylenetetrazole (PTZ) in doses of 200 and 250 mg/kg i. v. was administered, and subsequent 30-min perfusion samples were collected. In separate groups of cats, the epileptogenic effects of PTZ were antagonized by clonazepam (CLP) given by infusion during the period of 30-60 min following the initiation of PTZ seizures for a total of 3 mg/kg i.v.
Drugs and solutions
Perfusate consisted of an artificial CSF having the fol lowing composition: Na+ 151.1 mM; K+ 2.6 mM; Mg 2 + 0.9 mM; Ca 2 + 1.3 mM; Cl-122.7 mM; HC0 3 -21.0 mM; HP O/-2.5 mM (bubbled in 95% O2 and 5% CO 2 prior to and during superfusion). Drugs used were: penta methylenetetrazol (PTZ; Sigma Chemical Co., St. Louis, MO) and clonazepam (CLP; Hoffman-LaRoche, Inc., Nutley, NJ). PTZ was dissolved in saline. CLP was dis solved in 10% dimethyl sulfoxide/saline.
PGE2 determination
The levels of PGE 2 in ventriculocisternal perfusates were determined by column extraction and RIA (Romero et aI., 1984a) . Briefly, samples were acidified at pH 3 with 1 N HC1, and extracted in a Bond Elut (BE) C I8 column under low pressure. The BE C I8 columns were pre washed with absolute methanol, pH 3. Acidified samples were applied, washed with 5% methanol and petroleum ether (PE), then eluted with ethylacetate (EA), evapo rated to dryness under N2, reconstituted, and frozen until used for RIA. PGE 2 concentration was determined in each sample by RIA using PGEz antibody (Pasteur Insti tute, Paris, France) and [ 3 H]PGE 2 (New England Nu clear, Maine). As previously reported (Romero et aI., 1984b) , this antibody is highly specific (cross reactivity PGE I 2.7%; PGD 2 , 6-keto-PGFlex and Thromboxane B2 < 0.25%; PGF 2 ex, PGF I"" and PGA 2 < 0.1%). The lower limit of detection was 4 pg and the sensitivity 13.4 pg. Intra-and interassay variations were 6 and 10%, respec tively. Parallel displacement of a standard curve was ob served with extracted superfusates showing no sub stances present that interfered with binding. Extracted blanks with both drugs were always below the limit of detection for RIA.
Statistics
Comparisons within and between groups across time samples were carried out with a two-way analysis of vari ance (ANOV A) with repeated measures across time (Winer, 1962) . If the ANOV A revealed statistical signifi cance, the appropriate multiple comparison was accom plished with a Newman-Keul's test (Winer, 1962) . PGE 2 levels were converted to log values for comparison to achieve homogeneity of variance.
RESULTS
Resting conditions
In the three baseline samples taken after an initial 60-min washout and prior to the induction of sei zures, measurable and stable levels of PGE2 were observed in the ventriculocisternal perfusates (one way ANOV A, repeated measures, all animals across baseline samples 1, 2 and 3, F = 1.13; df = 2/24, P > 0.20). There were no differences in the resting baseline PGE2 release at any time prior to seizures between the three groups (F = 1.91; df = 2/8). Thus, during resting conditions, in the sample immediately preceding seizures, PGE2 level in the ventriculocisternal perfusates for all groups was 64 ± 5 pg/min (1-1 ± SEM; n = 15). These levels did not differ significantly from sample 1. Figure 1 presents the levels of PGE2 in the ven triculocisternal perfusate of a single animal receiv ing 250 mg/kg i. v. PTZ. Coincident with the initia tion of bursting, as shown in Fig. 1 , there was a prominent rise in blood pressure and a correlated increase in the levels of PGE2 in the perfusate.
Effect of pentomethylenetetrazole (PTZ)
There was a steep relationship between seizure activity and PTZ dose. As indicated in Fig. 2 , at 200 mg/kg, brief periods of bursting often appeared (similar to that shown in tracing B of Fig. 1) which dissipated by the end of 30 min. After 250 mg/kg i. v., seizure activity occurred early after the initia tion of PTZ infusion and developed into a series of periodic bursts that frequently developed into vir tually continuous activity or into prominent bursts with periods of interburst suppression (see tracings C and D of Fig. 1 ). This pattern was sustained for periods up to 90 min (see integrated EEG values in Figs. 1 and 3) . Comparison of the maximum amount of bursting observed in the interval in which PTZ was administered revealed a clear dose dependency (unpaired t-test; p < 0.05).
Examination of the levels of PGE2 in the perfus ate revealed a prominent increase during the first 30-min interval after the initiation of bursting (see Figs. 1-3) . These changes were highly reliable and, as was the bursting, clearly dose dependent (com parison of percent change from baseline at + 30 min 250 mg/kg > 200 mg/kg; p < 0.01, unpaired t-test). There was an apparent correlation between the magnitude of seizures and PGE2 secretion. This is emphasized in Fig. 4 , where log levels of the initial levels PGE2 measured in a given perfusion sample are plotted against the seizure activity (log burst time) observed during that 30-min sample after the injection of 200 and 250 mg/kg i.v. PTZ. A least squares analysis revealed a highly significant (p < 0.01) log-log linear regression.
Effect of anticonvulsant therapy
Pretreatment with the anticonvulsant CLP (3 mg/ kg i.v.) resulted in a block in the seizure activity otherwise evoked by PTZ (250 mg/kg i.v.) (n = 2). In these two animals, levels of PGE2 did not change during the ensuing 2-h period (data not shown). In jection of the same dose of clonazepam in the inter val following PTZ (250 mg/kg), resulted in a rapid reduction in burst time. This reduction was statis tically significant (one-way ANOVA, repeated mea sures, across time F = 6.13; 4/20, p < 0.05). As shown in Fig. 5 , however, the elevated PGE2 secre- tion rates were unaltered (F = 1.63; dj = 4/20; p > 0.20).
Blood pressure
Given the relationship between seizures and blood flow, we sought to determine where hyper tension alone would change either the EEG or PGE2 levels. Methoxamine (10 j.Lg/min i.v.) infusion re sulted in a significant increase in blood pressure (137 ± 1 to 185 ± 5 mm Hg; p < 0.05; paired t-test) which was maintained for 30 min. This elevated blood pressure was not accompanied by any signif icant change in PGE2 secretion (81 ± 29 to 70 ± 68 pg/min; n = 4; p > 0.20, paired t-test).
DISCUSSION
The present studies demonstrate that under rest ing conditions, low but measurable levels of PGE2 appear in the ventriculocisternal perfusates of the brain. Following the administration of PTZ, there is a dose-dependent increase in seizure activity and a correlated rise in the secretion rate of PGE2.
Mechanism of increase
The synthesis of prostaglandins by membrane bound cyclooxygenase is largely dependent upon the availability of free arachidonate in the cytosol (Wolfe et a!., 1976) . Convulsive stimuli have been shown to increase the levels of free fatty acids (FF A) in general and arachidonate in particular. This seizure-dependent increase in FFA may occur by several mechanisms.
Activation of the phosphatidylinositol pathway will generate arachidonic acid (Sun et a!., 1979) . Their catabolism may be initiated by the activation of muscarinic and aI-adrenergic receptors (Jones et a!., 1979; Berridge et a!., 1983) . Given the release of acetylcholine and noradrenaline (for example, Por tig and Vogt, 1969; Carr and Moore, 1970; Yaksh and Yamamura, 1975 ) from brain by depolarizing stimuli, local synaptic activity via the phospho inositdyl pathway could generate an increase in cy tosolic FFA. In previous work, we have shown that methoxamine (al) and acetylcholine (in an atropine sensitive fashion) would evoke small but measur able increases in PGE2 secretion into ventriculocis ternal perfusates (Navarro et a!., 1988) .
Activation of phospholipase A, by an increase in intracellular Ca 2 + (Borgeat and Samuelson, 1979) , will yield increases in cytosolic FF A. Ca 2 + influx may occur by either receptor-linked channels [as with glutamate through an N-methyl D-aspartate coupled channel (Dingledine, 1983) ] or by one of several voltage-sensitive channels (Nowycky et a!., 1985) . In previous studies, direct depolarization in duced by the perfusion of veratridine or K + re sulted in prominent increases in the in vivo secre tion of PGE2 with this preparation (Romero et a!., 1984a) .
Significance of increased PGEz secretion
It is clear that the mechanisms associated with increased FF A and the subsequent formation of PGE2 may reflect a natural consequence of moder ate neuronal activity. Thus, Ramwell and Shaw (1966) demonstrated that prostaglandin secretion from cerebral cortex in situ could be enhanced by peripheral nerve stimulation; and, as noted, perfu sion of nonconvulsive, receptor-selective agents can elevate PGE2 secretion (Navarro et a!., 1988) .
The prominent seizure-dependent increases in PGE2 observed in the present studies represents a more extreme state. Thus, comparable increases in PGE2 secretion can be evoked in this perfusion model by transient global ischemia (Stevens and J Cereb Blood Flow Metab. Vol. 9, No.2, 1989 Yaksh, 1988). The mechanism for this increase fol lowing ischemia is thought to be a progressive de polarization, as transmembrane K + gradients fall (Astrup et a!., 1977) , and/or extracellular glutamate rises (see Meldrum, 1985) , leading to an increase in intracellular Ca 2 + (Simon et a!., 1984; Hossmann et a!., 1985) . Continuous depolarization as associated with PTZ seizures may also lead to long-term changes in the energy status of the cell. Thus, ex amination of cats during PTZ seizures revealed an initial increase in the cerebral partial pressure of oxygen and oxidation of cytochromes a2 and a3' suggesting that there was initially an adequate cou pling of metabolic needs with substrate supplies (Kreisman et a!., 1983) . This is consistent with in creased cerebral perfusion noted during PTZ sei zures in this model (Ots et a!., 1987) . However, over periods of several hours of continuous burst ing, there is a tendency toward reductive shifts to cytochrome reduction (Kreisman et a!., 1983) . Sim ilarly, adenylate energy charge in seizing rats are normal for brief periods (20 min), but fall promi nently over 2 h (Folbergrova et a!., 1981) . Thus, in addition to the increased influx of Ca 2 + secondary to depolarization, metabolic failure during extended neuronal activation can lead to an intracellular ac cumulation of Ca 2 + as the active export of Ca z + ceases and the mito chondria loses their ability to actively sequester Ca 2 + (Drahota et a!., 1965) . Increased cytosolic pools of Ca 2 + will thus lead potentially to further accumulations of FF A. Importantly, Ca z + stores within the mitochondria are actively extruded by a Na + /Ca H exchanger, the activity of which is facil itated by FF A . Thus, as FF A levels rise, Ca z + is increasingly shuttled back and forth across the mitochondrial membrane. An important observation in the present studies was that the secretion of PGE2, following the 250 mg/kg dose of PTZ, reliably continued beyond the reduction in seizure activity (Fig. 3) . While the pro longed elevation in levels after the pronounced sei zure pattern may be the result of a delayed clear ance, we speculate that these results reveal a con tinued liberation of FF A secondary to the intense seizure activity, perhaps secondary to a continued elevation in intracellular Ca 2 + pools. The ability of clonazepam to block the increased PGE2 levels if given prior to but not when given after PTZ sup ports this concept of a triggering event leading to prolonged PGE z formation. In recent studies, Con nor et a!. (1988) have observed that multiple expo sures to glutamate of a neuron in culture result in a prolonged increase in Ca 2 + flux. If relevant to the in vivo model, these observations would provide a certain mechanism for the protracted synthesis of prostanoids.
Consequences of prostanoid formation
The presence of remarkable increases of PGE2 in the extracellular fluid following the acute onset of epileptogenic activity indicates the presence of sig nificant increases in the levels of arachidonic acid and the subsequent generation of a large number of cyclooxygenase and lipoxygenase products. This continued appearance of extracellular PGE2 re flects, therefore, a process that likely has a number of consequences including effects on neuronal ac tivity (Rosenkranz, 1978; Rosenkranz and Killam, 1981; Steinhauer and Hertting, 1981; Forstermann et aI., 1982 Forstermann et aI., , 1984 and on vascular tone (Pickard, 1981) . Moreover, while the above comments reflect upon the possible effects of the synthesized pros tanoid, the increase in PGE2 forceably indicates that, during seizure activity, there will be the con tinued formation of significant quantities of highly reactive intermediaries. Conversion of arachidonic acid into PGE2 and the subsequent conversion of PGE2 by microsomal hydroperoxidases yields oxy gen free radicals (Mason et aI., 1980; Egan et aI., 1981) . These reactive entities but not arachidonate (Unterberg et aI., 1987) can interact with cytosolic protein to alter cellular function or escape into the extracellular space where they may yield vascular injury (Kontos, 1985) . We must presume that at least some of the sequelae of status epilepticus (Del gado-Escueta et aI., 1982) may reflect upon the ef fects of these reactive products and the movement of vasoactive elements into the extracellular space.
